The new global anthropogenic emission inventory (EDGAR-CIRCE) of gas and aerosol pollutants has been incorporated in the chemistry general circulation model EMAC (ECHAM5/MESSy Atmospheric Chemistry). A relatively high horizontal resolution simulation is performed for the years [2005][2006][2007][2008] to evaluate the capability of the model and the emissions to reproduce observed aerosol concentrations and aerosol optical depth (AOD) values. Model output is compared with observations from different measurement networks (CASTNET, EMEP and EANET) and AODs from remote sensing instruments (MODIS and MISR). A good spatial agreement of the distribution of sulfate and ammonium aerosol is found when compared to observations, while calculated nitrate aerosol concentrations show some discrepancies. The simulated temporal development of the inorganic aerosols is in line with measurements of sulfate and nitrate aerosol, while for ammonium aerosol some deviations from observations occur over the USA, due to the wrong temporal distribution of ammonia gas emissions. The calculated AODs agree well with the satellite observations in most regions, while negative biases are found for the equatorial area and in the dust outflow regions (i.e. Central Atlantic and Northern Indian Ocean), due to an underestimation of biomass burning and aeolian dust emissions, respectively. Aerosols and precursors budgets for five different regions (North America, Europe, East Asia, Central Africa and South America) are calculated. Over East-Asia most of the emitted aerosols (precursors) are also deposited within the region, while in North America and Europe transport plays a larger role. Further, it is shown that a simulation with monthly varying anthropogenic emissions typically improves the temporal correlation by 5-10 % compared to one with constant annual emissions.
Introduction
Tropospheric aerosols have significant effects on human health (e.g. Huntingford et al., 2007) , the water cycle (e.g. Ramanathan et al., 2001 ) and climate (e.g. Isaksen et al., 2009) . To study these different topics, global aerosol models that account for a wide range of complexities are required. Modelling work on aerosols chemistry (and their feedbacks) has been performed for over 30 yr (e.g. Atwater, 1975; Baklanov, 1988; Taylor and Penner, 1994) , with the first global model to fully couple online meteorology-chemistry-aerosol-radiation on global scale (with inorganic partitioning) being developed by Jacobson (2000 Jacobson ( , 2001a based on earlier work on a regional scale (Jacobson, 1997a,b) , which included a large number of Published by Copernicus Publications on behalf of the European Geosciences Union.
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aerosol species. Nowadays, a number of global aerosol models that can treat semi-volatile inorganic species that partition between the gas and aerosol phases exist (e.g. Adams et al., 1999; Adams and Seinfeld, 2002; Bauer and Koch, 2005; Myhre et al., 2006; Feng and Penner, 2007; Pringle et al., 2010a) , but most models treat five main aerosol species: black carbon (BC), particulate organic matter (POM), sulfate aerosol (SO 2− 4 ), mineral dust (DU) and sea spray (SS) (see Textor et al., 2006 , and reference therein). Zhang (2008, and references therin) clearly describes the history of the chemistry models, showing the large increase in our understanding of the processes involved in aerosol formations and interactions.
Although models increasingly include sophisticated aerosol descriptions they still rely on offline calculated fields of aerosols and precursors emissions. The skill of the aerosol model strongly depends on the representativeness of the emission fields used, thus it is important to consider any possible biases in the emissions. For example, most of the global anthropogenic emissions inventories currently neglect the seasonal cycle of emissions for the majority of precursor gases and generally have a resolution of 1 × 1 • (e.g. van Aardenne et al., 2005; Olivier et al., 1999 Olivier et al., , 1996 . Regional inventories of anthropogenic emissions are available at much higher resolution (both spatially and temporally) but they are spatially limited (e.g. Warneke et al., 2007; Jacobson, 2001c; Jacobson et al., 2007) and hence difficult (or impossible) to use in global models. The seasonal variation of anthropogenic emissions is important for many compounds (e.g. ammonia) especially for those for which the phase partitioning is temperature dependent (Pinder et al., 2004; De Meij et al., 2006) . In this work, we take advantage of the stateof-the-art emissions inventory EDGAR-Climate Change and Impact Research (CIRCE), which provides emissions on a high spatial (0.1 × 0.1 • ) and temporal (monthly) resolution, together with a recently developed aerosol scheme implemented within the EMAC model (Pringle et al., 2010a) .
This study has three main objectives. The first objective is to evaluate the model performance in simulating aerosol and AODs calculations using the EDGAR-CIRCE emission inventory by comparing the results with ground based and space borne observations. The second objective is to analyse the aerosol (precursor) budget for five regions (Europe, North America, East Asia, South America and Central Africa) and quantify the aerosol import and export terms, compared with previous studies. Thirdly, we investigate the effect of including the seasonal cycle in the anthropogenic emissions of aerosol precursors, taking advantage of the newly developed emissions database. Therefore, a multi year model simulation with a relatively high horizontal resolution (∼ 1 × 1 • ) has been performed. Particular focus is placed on semivolatile inorganic aerosol species (i.e. SO The paper is organized as follows. Section 2.1 describes the model, the emission inventory and the observational datasets. In Sect. 3 the evaluation of the aerosol optical depth (AOD) is presented. AOD is a very useful metric for analyzing model performance in regions where ground-based observations are sparse. It provides an indication of the ability of the model to reproduce the concentrations of BC, OC and dust which are often not included in the observational networks. In Sect. 3.2 aerosol concentrations of SO 2− 4 , NO − 3 and NH + 4 are compared to large scale observations. Special focus is given to these compounds due to their complex interactions with the gas phase chemistry. Additionally, Na + aerosol is also compared to station observations as a proxy for sea salt. To examine the contribution of the different aerosol species to air quality, Sect. 4 shows the global and regional budgets of aerosol in North America, Europe, East Asia, Central Africa and South America. Finally, in Sect. 5 the effects of the seasonally varying anthropogenic emissions are analyzed, followed by the conclusions in Sect. 6 2 Model and observations
Model description and setup
EMAC is a combination of the general circulation model ECHAM5 (Roeckner et al., 2006) (version 5.3.01 ) and the Modular Earth Submodel System (MESSy, version 1.9, Jöckel et al., 2005) . The model has been extensively described and evaluated Pozzer et al., 2007) , and additional details about the model system can be found at http://www.messy-interface.org.
In this study, the applied spectral resolution of the ECHAM5 base model is T106, corresponding to a horizontal resolution of the quadratic Gaussian grid of ≈ 1.1 × 1.1 • . The horizontal resolution has been chosen as a compromise between the resolution of the emissions inventories and computational resources. Emissions with different resolutions are available (ranging from 0.1 × 0.1 • to 1 × 1 • , see Sect 2.1.1), but here the coarser resolution has been used in line with the model grid structure. Wild and Prather (2006) , who performed a set of simulations at different resolutions (T21,T42, T63 and T106), showed that the simulated ozone is increasingly realistic (compared to the observations) with increasing resolution. In the literature not many studies at T106 resolution on a global scale are available; as an example, Lin et al. (2008) performed a simulation at this resolution, but it was limited to the summer of 1999, and not multi year as in this work. Higher resolutions are possible using the nesting techniques Hofmann et al., 2011) , or by using a non-uniform (stretched) grid (Park et al., 2004a,b) to reduce the computational costs of the overall simulations. Nevertheless, it must be stressed that these techniques can be implemented only in few regions of interest. One of the main goals of this work is to take advantage of the relatively high resolution to study regional air pollution budgets (see Sect. 4)
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and thus it is essential to use a global model which provides consistent information within and between different regions.
The applied vertical resolution is 31 layers, up to 10 hPa. The model dynamics has been weakly nudged (Jeuken et al., 1996; Jöckel et al., 2006; Lelieveld et al., 2007) towards the analysis data of the European Centre for MediumRange Weather Forecasts (ECMWF) operational model (up to 100 hPa) to represent the actual day-to-day meteorology in the troposphere. This allows a direct comparison with observations. The coupling between the radiation and the atmospheric composition has been removed (switched off). This implies that changes in the atmospheric composition calculated by the chemical mechanism (i.e. ozone, aerosols and greenhouse gases) do not induce a dynamical response of the model, which is instead forced by a climatological concentrations of such components. The model output is 5-hourly, thus an entire daily cycle is covered after 5 days. Dry deposition and sedimentation are described extensively in Kerkweg et al. (2006a) (DRYDEP and SEDI submodel) which are based on the big leaf approach. Dry deposition velocities depend on physical and chemical properties of the surface cover. Wet deposition is described in Tost et al. (2006a) (SCAV submodel), while its impact on atmospheric composition in the EMAC model is analyzed in detail in Tost et al. (2007a) . The emission procedure has been explained by Kerkweg et al. (2006b) (OFFLEM, ONLEM and TNUDGE submodel) and Pozzer et al. (2006) (AIRSEA submodel). The chemistry is calculated with the MECCA submodel of Sander et al. (2005) . The chemical mechanism is the one used in Jöckel et al. (2006, see electronic supplement) , and consists of 104 gas phase species and 245 reactions. O 3 related chemistry of the troposphere is included, as well as non-methane-hydrocarbons (NMHCs) decomposition (von Kuhlmann at al., 2003) . The other submodels used in this study are CONVECT , LNOX (Tost et al., 2007b) , as well as CLOUD, CVTRANS, JVAL, HETCHEM and TROPOP . Aerosol microphysics and gas/aerosol partitioning are calculated by the Global Modal-aerosol eXtension (GMXe) aerosol module (described by Pringle et al., 2010a,b) . GMXe simulates the distribution of sulfate, BC (Black Carbon), POM (Particulate Organic Matter), nitrate, ammonium, DU (Dust) and SS (Sea Spray) aerosol within 7 interacting lognormal modes (in a similar approach to that of Vignati et al., 2004; Stier et al., 2005; Mann et al., 2010) . The particle number and mass of each mode is calculated prognostically but the geometric standard deviation is fixed (2.0 for the coarse modes hydrophobic, 2.2 for coarse mode hydrophilic, 1.59 for all other modes). The 7 lognormal modes span four size categories (nucleation (<5 nm radius), Aitken (5-50 nm), accumulation (50-500 nm) and coarse (>500 nm)) and are divided into a hydrophilic (4 modes) and a hydrophobic (3 modes) distribution. Hydrophobic aerosol (BC and DU) is emitted into the three modes in the hydrophobic distribution and hydrophilic aerosol (sulfate and sea spray) is emitted into the three largest modes of the 4-mode hydrophilic distribution. The emissions of POM are split between the hydrophobic (35 %) and hydrophilic (65 %) distributions. A parameterisation of aerosol ageing allows aerosol to pass from the hydrophobic to the hydrophilic distribution upon the addition of hydrophilic material (Vignati et al., 2004) . The distribution of species within each mode is given in Pringle et al. (2010b, their Table 2 ). The aerosol within each mode is internally mixed while the 7 modes are externally mixed with respect to each other. Gas/aersosol partitioning is treated using the ISORROPIA-II model (Fountoukis and Nenes, 2007; Nenes et al., 1998a,b) . In this study ISORROPIA-II is used to treat the interaction of NH 4 , Na, SO 4 , NO 3 , Cl, H 2 O aerosols. Gas-phase species considered are NH 3 , HCl, HNO 3 , H 2 O. ISORROPIA-II solves for the equilibrium state by considering the chemical potential of the species (Nenes et al., 1998a,b) . By considering specific compositional "regimes", it minimises the number of equations and iterations required. In this study activity coefficients are taken from pre-calculated lookup tables to reduce computational expense (see also Pringle et al., 2010b) .
The optical properties of the aerosol are calculated with the EMAC submodel AEROPT. It is based on the scheme by Lauer et al. (2007) and makes use of predefined lognormal modes (i.e. the mode width σ and the mode mean radius have to be taken into account), for which lookup tables with the extinction coefficient σ sw , the single scattering albedo ω sw and the assymetry factor γ sw for the shortwave and extinction coefficient σ lw for the longwave spectrum have to be created.
These lookup tables are calculated with the help of the LI-BRADTRAN (Mayer and Kylling, 2005) for various aerosol types. In the case of the AEROPT submodel the considered species are POM, BC, DU, SS, water soluble compounds (WASO, i.e. all other water soluble inorganic ions, e.g.: NH parameter, combining the wavelength and aerosol size information) spanning up a 100 × 100 × 100 space.
During the simulation, the volume-weighted mean complex refractive index is determined for each mode of the aerosol distribution. Then, depending on the mean radius of the mode, the Mie size parameter is calculated for each wavelength band. These three parameters provide the required information for the lookup table for the values for σ sw , ω sw , γ sw and σ lw . To cover the wavelength dependency these coefficients are determined for 16 predefined bands in the shortwave and 16 in the longwave spectrum, which are not required to match the bands used in the radiation calculation of the base model (in our case ECHAM5). Next a mapping of the precalculated wavelength bands to those of the radiation scheme is performed using a weighted interpolation, using a (constant) reference spectrum for the solar incoming flux at the Earth surface in which trace gas absorption based on climatological values has been considered. This method is also applied to determine the values for other (diagnostic) wavelengths, e.g. for the 550 nm band, which is often used in observational data sets. Finally, the method of calculating the AOD is the following: for each mode the extinction coefficient is calculated for a single particle; the extinction coefficient is then multiplied by the number of particles per grid cell, giving the vertical integral of the extinction per mode and per layer. The AOD per layer is obtained by adding all the modes in the layer, and the sum of all AOD values over the vertical model domain yields the total atmospheric AOD.
The model simulation covers the years [2004] [2005] [2006] [2007] [2008] . The first year is used as spin-up for the model and only the years 2005-2008 are used in this study. These years are expected to be represented by the model with high consistency, because the chosen emission setup of primarily emitted species was compiled for the year 2005 (see below).
Emissions
The high resolution global anthropogenic emission inventory (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) EDGAR-CIRCE (Doering et al., 2009a,c) which was used in this study has been prepared in the framework of the CIRCE (Climate Change and Impact Research: the Mediterranean Environment) Project by the EDGAR (Emission Database for Global Atmospheric Research) group of the EC-Joint Research Center Ispra (Italy), Climate Change Unit. This dataset includes greenhouse gases, NO x , CO, Non-Methane Volatile Organic Compounds (NMVOCs), NH 3 and SO 2 from fossil fuel and biofuel related emissions. Emissions from international aviation were calculated for the period 1990-2005 using a technology based emission factor approach (Eyers et al., 2004) . International shipping emissions are based on the QUANTIFY project (Hoor et al., 2009) . The EDGAR-CIRCE data has been compared to other emissions inventories by Doering et al. (2009b) . This comparisons reveals that the EDGAR-CIRCE emissions are in line with other global (Bond et al., 2007; UNF, 2008) and regional (Ohara et al., 2007; Streets et al., 2003; Klimont et al., 2002; Vestreng and Klein, 2002) data sets and the differences lie within the uncertainties associated with emissions estimates. In particular, over Europe, the EDGAR-CIRCE emissions inventory are significantly higher than the regional anthropogenic emissions inventory EMEP (Vestreng et al., 2007 (Vestreng et al., , 2009 . As an example SO 2 emissions from EDGAR-CIRCE are ∼80 % higher compared to the EMEP inventory (9.9 and 5.5 Tg S yr −1 , respectively), while smaller differences are present for NO x (4.7 and 3.9 Tg N yr −1 , respectively) and NH 3 (5.3 and 3.5 Tg N yr −1 , respectively). Nevertheless the total European SO x , NO y and NH 3 emissions in the EDGAR-CIRCE inventory (11.2 Tg S yr −1 , 5.1 and 5.3 Tg N yr −1 , respectively) are in line with the work of Aan de Brugh et al. (2011) (11.4 Tg S yr −1 , 7.2 and 6 Tg N yr −1 , respectively), who used different anthropogenic emissions . The EDGAR-CIRCE anthropogenic emissions over Asia are quite different from those estimated by the REAS (Regional Emission inventory in ASia) database (Ohara et al., 2007) for the year 2005, although the differences are well within the errors associated with the emissions estimates of the region. The anthropogenic emissions from the EDGAR-CIRCE inventory are within 20 % of the REAS database for BC (∼1.4 and 1.3 Tg yr −1 , respectively) and NO x (∼6.8 and ∼6.0 Tg N yr −1 , respectively), but quite different values are found for NH 3 (∼6.1 and ∼10.4 Tg N yr −1 , respectively), SO 2 (∼24.0 and ∼18.2 Tg S yr −1 , respectively) POM (∼5.5 and ∼3.9 Tg yr −1 , respectively). Nevertheless the values used in this work are in line with other literature estimates for these compounds (Streets et al., 2003; Streets and Waldhoff, 2000) . This emphasizes the difficulties of constraining the emissions, especially in this region.
The anthropogenic emissions were distributed vertically as described in Pozzer et al. (2009) , and the chosen vertical distribution of the emissions is based on the EMEP (European Monitoring and Evaluation Programme) model (Dimitroulopoulou and ApSimon, 1999; Simpson et al., 2003) , applied after the analysis of stack plume data from Eastern Europe. As shown in Pozzer et al. (2009) and De Meij et al. (2006) , the injection height of the emissions is very important in global and regional models, leading to an improvement of up to 30 % in the correlation with station observations compared to simulations where the emissions are not vertically distributed (i.e. released from the surface). The EDGAR-CIRCE emissions dataset has a spatial resolution of 0.1 × 0.1 • . The standard temporal resolution is annual, and only the data for year 2005 has been produced with higher resolution (monthly). Hence, in this study, only the emissions for the year 2005 have been used to take advantage of high temporal and spatial resolution. The biogenic emissions of organic species have been represented following Guenther et al. (1995) and are computed offline in the model with monthly temporal resolution. The natural emissions of NH 3 are based on the GEIA database (Bouwman et al., 1997) . Both these datasets have a 1 × 1 • horizontal resolution. NO x produced by lighting is calculated online and distributed on different vertical levels, based on the parametrization of Price and Rind (1992) . The emission of NO from soils is calculated online based on the algorithm developed by Yienger and Levy (1995) and depends on ecosystem type, soil moisture state and the surface temperature. The underlying ecosystem map was compiled by Olson (1992) and is also used to estimate the isoprene emissions with the ONLEM submodel. Volcanic emissions of SO 2 are based on the AEROCOM data set , with background emissions from continuous and explosive volcanoes. The biomass burning contribution was added using the Global Fire Emissions Database (GFED version 3, van der Werf et al., 2010) covering the years 1997-2009 with a 0.5 × 0.5 • spatial resolution and a monthly temporal resolution. The fuel burnt areas used in the GFED database is based on the work of Giglio et al. (2010) , estimated from four satellite datasets. The AIRSEA submodel calculates the oceanic DMS emissions online, with prescribed sea water DMS concentrations from Kettle et al. (1999) . Additionally AIRSEA calculates isoprene emissions, where the water isoprene concentration was estimated from chlorophyll concentrations (Conkright et al., 2002) based on the work of Broadgate et al. (2000) . Finally, AIRSEA estimates the methanol (CH 3 OH) water deposition, based on an undersaturation of the oceanic sur- face water of 0.94. The atmosphere-ocean transfer velocity parametrization is based on Wanninkhof (1992). The total gas-phase emissions are shown in Table 1 . Anthropogenic bulk aerosol emissions are also based on the EDGAR-CIRCE emissions inventory. Biomass burning BC and POM are based on the GFEDv3.1 emission database. Secondary Organic Aerosol (SOA) particles are directly emitted as POM, assuming that 15 % of natural terpene emissions form SOA (Guenther et al., 1995) . Emission of dust and sea spray aerosol are treated using offline monthly emission files based on AEROCOM. Offline emission of dust and sea spray have been used in this study because of their extensive use and evaluation in a number of studies, and to increase the comparability with the work of Pringle et al. (2010a) .
Satellite observations

MISR
The Multi-angle Imaging SpectroRadiometer (Diner et al., 1998, MISR) instrument flies on the Terra satellite and has been operational since February 2000. The instrument is designed to measure the solar radiation reflected by the Earth system by a multiple camera configuration (four forward, one nadir and four backward). Each camera measures in four different wavelengths centred at 446 nm (blue), 558 nm (green), 671 nm (red) and 866 nm (near-infrared). In this study Level 3 Component Global Aerosol Product version F15 (CGAS-F15) are used, specifically the AOD (Average Optical Depth), which is derived from Level 1 and Level 2 products, averaged over a month and stored on a geographic grid of 0.5 × 0.5 • . This observational dataset present monthly resolution. A comparison over land and ocean with AERONET (AErosol RObotic NETwork) data has shown that MISR AODs are within 0.05-20 % of that of AERONET (Kahn et al., 2005 . MISR AODs can be obtained from https://wist.echo.nasa.gov/api/.
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MODIS
The MODerate resolution Imaging Spectro-radiometer (MODIS) instrument also flies on the Terra satellite. In contrast to MISR, the MODIS instrument has only one camera which measures radiances in 36 spectral bands. Daily Level 2 (MOD04) aerosol optical depth products (550 nm) are produced on a spatial resolution of 10 × 10 km over land, using the 1 × 1 km cloud-free pixel size. The MODIS Level 2 product refers to a swath width of about 2330 km, therefore the instrument has almost daily global coverage.
In this study global Level 3 AOD (version MOD08) Collection 005 products are used (field Optical_Depth_Land_And_Ocean_Mean).
The level 3 AOD product is derived from the statistics of the Level 2 products and stored on a 1 × 1 • grid with a monthly temporal resolution in the MOD08 Level 3 product file. Reported MODIS AOD uncertainties are ± 0.05 ± 0.15 × AOD Levy et al., 2010) . Although MODIS aerosol products are provided over land and water surfaces , it is important to underline that no aerosol retrieval is possible over bright surfaces such as deserts and ice. MODIS AODs can be obtained from https://wist.echo.nasa.gov/api/.
In situ observations
CASTNET
The Clean Air Status and Trends Network (CASTNet) comprises 86 sites located in or near rural areas of the United States, administered and operated by the Clean Air Markets Division (CAMD) of the United States Environmental Protection Agency (EPA) (Edgerton et al., 1990) . CASTNET is the USA's primary monitoring network for measuring concentrations of air pollutants. All sites utilize Teflon filters to collect particulate sulfate (SO 2− 4 ), nitrate (NO − 3 ), and ammonium (NH + 4 ). The sampling is conducted on a weekly basis. The usage of Teflon filters in the network for nitrate particle collection is known to underestimate the effective concentration of NO − 3 (Ames and Malm, 2001 ), due to temperature-dependent volatilization (Hering and Cass, 1999) , or by reaction with strong acids under ammonia limited conditions (Appel et al., 1988) . In this work we only use data from stations with continuous coverage for the years 2005-2008 (33 stations in total) . The data were downloaded from http://www.epa.gov/castnet.
EMEP
The European Monitoring and Evaluation Programme (EMEP Hjellbrekke and Fjaeraa, 2011 ) is a scientifically based and policy driven programme under the Convention on Long-range Transboundary Air Pollution for international co-operation to help solving transboundary air pollution problems. Parties to the Convention on Long-Range Transboundary Air Pollution perform monitoring at regional monitoring sites across Europe. The data are subject to national quality assessment prior to submission to the EMEP Chemical Coordinating Centre at NILU (Norwegian Institute for Air Research). The number of stations used in the comparison ranges from 59 (for SO 2− 4 ) to 31 (for NO − 3 and NH + 4 ). Due to the partial usage of Teflon filters (depending on the station/country), observations from this network are also expected to underestimate NO − 3 concentrations. The data were downloaded from http://www.nilu.no/projects/ccc/ emepdata.html.
EANET
The Acid Deposition Monitoring Network in East Asia (EANET) was established as an initiative for regional cooperation among the participating countries, creation of a common understanding of the state of acid deposition problems and for providing useful inputs to policy makers at various levels. Regular monitoring activities started in January 2001 with the participation of 10 countries, namely China, Indonesia, Japan, Malaysia, Mongolia, Philippines, Republic of Korea, Russia, Thailand, and Viet Nam. Cambodia, with Lao People's Democratic Republic and Myanmar joining EANET in 2001, 2002 and 2005, respectively . Acid deposition monitoring of EANET addresses four environmental issues: wet deposition, dry deposition (air concentration), soil and vegetation, and inland aquatic environment. In this work, data from 28 stations of the EANET network are used. The data were downloaded from http: //www.eanet.cc/product/index.html (Asia Center for Air Pollution Research (ACAP), 2011).
Comparison with observations
In the following sections, a comparison of the model results with observations is performed. All the observational data have been collected at (or reduced to) monthly averages. Firstly, the global AOD will be analyzed to obtain an overall picture of the model performance on a large scale. This comparison is important for regions where no direct information about concentrations are available. The explicit AOD calculation during the simulation allows a more detailed analysis than that performed by Pringle et al. (2010a) , who used an offline simplified treatment of AOD based on the parametrization of Kiehl and Briegleb (1993) .
After the evaluation of AOD, the simulated aerosol mass concentrations are compared to measurements taken from observational networks in North America, Europe and Asia. 
Comparison with satellite observations
In Fig. 1 the 2005-2008 average AOD simulated by EMAC is shown, together the differences between these values and the 2005-2008 averaged satellite observations. In general, the AOD simulated by the model corresponds well with the observations for large areas of the globe (with a relative difference below 30 %). Compared to MODIS AOD observations, the model appears to be generally low-biased (in terms of relative difference) by 70 % over the Southern Pacific Ocean, Northwestern America and North East Asia, while compared to MISR this bias is much smaller (∼40 %). Highest relative overestimations appear over South America and South Africa (80 %) for modelled AOD compared to MODIS observations, while the maximum overestimation is ∼50 % over East Asia when compared to MISR observations. A strong underestimation of the model with respect to the observed AODs (both for MODIS and MISR observations) is found over some tropical oceans, especially over the Central Atlantic ocean, the Northern Indian Ocean, the Malaysian region and over the Gulf of Mexico (∼50 % or ∼0.2) for both observational datasets. The underestimation could be related to the uncertainties (underestimation) in the emissions for dust and biomass burning in the inventory or overestimation of the deposition over marine regions. However, some underestimation of the emissions is most probable. Dust, in fact, is only emitted at the lowest level of the model, hence neglecting the strong dust plume episodes which can uplift and transport dust over larger distances. This is confirmed by a good spatial correlation of AOD between satellite and model results during the winter season, when the dust storm episodes are reduced in number with respect to the summer season (see below). Additionally, the biomass burning emissions of BC and POM in the inventory (2.12 and 18.45 Tg yr −1 , respectively) may be underestimated, as they are lower than what is suggested in the literature (3.1 and 34.7 Tg yr −1 , respectively, Dentener et al., 2006) . The underestimations of the biomass burning sources has been noticed for the same simulation also for other emitted compounds (CO, Liu et al., 2011 ) when compared to satellite observations. The underestimation could possibly produce a bias in the AOD estimates by the model, which results in an underestimation of AOD when compared with MODIS and MISR, as observed e.g. over the Central Atlantic Ocean. The underestimation of AOD over the Northern Indian Ocean is consistent with an underestimation of the dust outflow from the Arabian peninsula, while the underestimation of the AODs over the Indian subcontinent indicates too low emissions of anthropogenic/biomass burning origin. The largest effect of the underestimation of the biomass burning emissions can be found over the Malaysian region, where the simulated AOD is consistently underestimated (∼0.2) with respect to the MODIS and MISR observations. Over China (more specifically inland) the model tends to overestimate the AODs. The cause is not clear, as the next sections indicate that the model does not overestimate anthropogenic aerosol compounds in this region. We speculate that this might be related to the definition of aerosol versus thin cloud in the satellite retrieval algorithm, because in this region high level of pollution are often associated with "haze clouds", which might be rejected as cloud contamination (Ma et al., 2010) . Further, the model shows discrepancies with the MODIS observations also over the western part of the USA and Canada. In fact, although good agreement is also found over Europe and Northeastern America (below 30 % difference both for MODIS and MISR), for West USA the satellite AOD observations are lower than the modelled ones (70 and 30 % for MODIS and MISR, respectively). Generally, the model tends to agree better with MISR than MODIS observations. The MISR instrument registers AODs over bright surfaces, which allows us to evaluate calculated AODs e.g. over the Arabian peninsula. Over this region the model underestimates the observed AODs, most probably due to an underestimation of the dust emissions. Note that a new dust emission routine is under development for the EMAC model, to improve this aspect in the near future.
To further quantify the ability of the model to reproduce the spatial distribution of the AODs observed by MODIS and MISR, in Fig. 2 we present a Taylor diagram of the comparison on a monthly basis. It shows the correlation coefficient between model results and observations (R) by the angle to the ordinate. The standard deviation of the model normalised to the standard deviation of the observations (σ model /σ obs ) is represented by the distance from the origin. The standard deviation was estimated using the root mean square difference (in space) from the spatial average, each estimated from the set of multi year monthly values. The standard deviation represents the spatial variability of the data from each set of temporal means (month). The observations (i.e. MODIS or MISR) are therefore located at a correlation of 1 and a normalised standard deviation of 1. The distance between a point and this "ideal" point is the centered pattern root mean square. The better a model reproduces the observations, the closer the resulting points are located to this "ideal" point. A detailed explanation of this type of diagram has been presented by Taylor (2001) . While the spatial correlation between model results and observations is generally good (higher than 0.5), the normalised standard deviation is mostly below one, indicating that strong spatial gradients between regions of high AODs and low AODs are not well reproduced.
The model reproduces the satellite observations with a high degree of consistency during winter time. It is clear from Fig. 2 that despite the relatively high correlation (0.6-0.7), for spring and summer months (April until September) we obtain a normalised standard deviation of the model compared to the observations of ∼0.6 (MODIS) and ∼0.4 (MISR). In autumn and winter the model simulates the AOD with a higher level of agreement. Not only are the spatial correlation coefficients around 0.5-0.6, but the normalised standard deviation is close to unity, especially during JanuaryMarch.
After the analysis of the spatial distribution for different months, the ability of the model to reproduce the seasonal cycle of the observed AODs is also investigated. The temporal correlation coefficients between the observations and model results are shown in Fig. 3 . This has been calculated based on monthly values of the observational dataset and monthly averages of the model results for the period [2005] [2006] [2007] [2008] . It indicates whether the model is able to reproduce the observed seasonal cycle (if present), independent of biases between observations and model results. A low correlation (close to zero) implies either a wrong representation of the seasonal cycle by the model or the lack of a well defined seasonal cycle in the model and/or observations. The temporal correlation is, with respect to the MODIS and MISR observations, low over some oceanic regions (i.e. Southern Indian Ocean and Southern Pacific Ocean) due to the low seasonal variation in the emissions of sea salt. Outside Europe and the USA the information about the seasonal variation is often not available, which is one of the reasons that these variations are normally not included in global emission inventories of anthropogenic emissions (De Meij et al., 2006) . Although the modelled AODs are generally lower than the observed AODs over Central Africa, the seasonality of the AOD represents the observations, with temporal correlation coefficients higher than 0.7. High temporal correlation coefficients (0.8) are also found over Malaysia, which indicates that the model is correct in timing the biomass burning emissions for this region. Very good correlation (higher than ∼0.7) with both observational datasets is found for the Arabian region. This indicates that the timing of dust events in the regions (i.e. the transport) is correctly reproduced, at least partially related to the nudging of the meteorology (and thus of transport). Nevertheless, as mentioned earlier, the calculated AODs are lower compared to the observed AODs, due to the constant emissions of dust in the model, which are prescribed offline. A good correlation (∼0.6-0.8) is obtained over North Africa, the Central Atlantic Ocean and the Southern Europe when compared to MISR observations. This indicates that the dust intrusions over these regions are correctly timed by the model, although (as noted before) their intensity is generally underestimated. It must however be underlined, that the modelled AOD in the dust outflow regions is strongly affected by the conversion rate from hydrophobic to hydrophilic via condensation and coagulation with hydrophilic material, which affects the removal by deposition processes, and that this effect may play a role in the underestimation of AOD in these regions.
Station observations
To evaluate the calculated global concentrations of aerosol sulfate, nitrate and ammonium, the multiyear model results (2005) (2006) (2007) (2008) are compared with measurements from different monitoring networks. We selected the stations for which data is available for the complete time period (i.e. between 2005-2008) . The model has been sampled in the same location as the observations in order to have co-located model results and observations. In Fig. 4 some examples of the temporal development of the model results and observations are shown for the different locations and aerosol species.
In the following sections (Sects. 3.2.1-3.2.4) , a standard set of figures is presented (Figs. 5-12 ). The maps in Figs. 5, 7, 9 and 11 present at the top the multi year annual average of the model with the multi year annual average of the observations overplotted (both in µg m −3 ) and at the bottom the correlation coefficients between model results and observations, based on the monthly values. In Figs. 6, 8 and 10 on the left side the scatter plots of all the available data (monthly values) are presented, while on the right side the Taylor diagrams are shown. In these diagrams the data are grouped per month, and all data available for a certain month (independent of the year) are used in the calculation. The Taylor diagrams, therefore, give information about the spatial correlations (and normalised standard deviation) between observations and model results for each month. For Na + , only the scatter plots are shown (Fig. 12) . In Table 3 , an overview of the comparison between the model results and the observations is presented, as discussed in the following sections.
SO
2− 4
Overall the model accurately reproduces the observed concentrations of SO 2− 4 , with more than 88, 92 and 95 % of the model results within a factor of two of the observations based on the EANET, EMEP and CASTNET networks, respectively (see Table 3 ). In general the Root Mean Square error (RMS) is well below the observational standard deviation, which is one of the conditions for good quality modelling results (Barna and Lamb, 2000) . The yearly average concentrations are reasonably well captured (see Fig. 5 ), indicating that the spatial gradients of the monthly mean concentrations are sufficiently well reproduced by the model. The model calculates high sulfate concentrations over Europe and East USA (up to 9 and 7 µg m −3 , respectively) and very high concentrations over East China and other parts of East Asia (up to 25 µg m −3 ). The East-West gradient in the USA and the South-North gradient in Europe are reproduced (although it is less distinct over the USA, see below), while the gradients over East Asia are underestimated. It must however be stressed that the number of stations used in the comparison not only is the lowest for the EANET network (26 stations), but also that this network covers a much larger region than the CASTNET and EMEP networks. The spatial gradients (i.e. the Taylor diagram) could therefore be strongly influenced by the station distribution, and the representativeness of the comparison is limited. Figure 6 shows the comparison between the simulated SO normalised standard deviation is generally ∼0.5 for comparison with CASTNET and EANET, while with EMEP it is between ∼0.5 and ∼1. Notably, the lowest values of normalised standard deviations appear during winter months (November-January). During the summer months (June and July) the normalised standard deviations are close to the ideal value of 1. The simulation results agree very well with the CASTNET network observations, where a spatial correlation higher than ∼0.7 (Fig. 5, top) is achieved, with peaks of 0.95 during the Summer and Autumn. This implies that the observed spatial distribution is accurately reproduced by the model, although the gradients are less pronounced than observed. The comparison with the EMEP network observations again shows the lowest value of the spatial correlation during the winter season.
The general underestimation of the model results compared to the CASTNET observations does not seem to influence the overall agreement of the seasonal cycle of SO 2− 4 , which is very well reproduced in the USA (see Fig. 5 , lower panel). In the USA the model reproduces (with a temporal correlation value above 0.7 in most locations) the observed seasonality, with the unique exception of stations located in the Central USA. Compared to EMEP and EANET, however, the model results have a somewhat lower temporal correlation (∼0.5-0.6), which is due to the absence of a clear seasonal cycle in the observations, which is more pronounced in the model (see Fig. 4 ). The model predicts the observed average nitrate concentration with a general overestimation over Europe and West USA and a strong overestimation over East Asia (see Fig. 7) . Nevertheless, the seasonal cycle is generally well reproduced by the model (see Fig. 7 , lower panel) both in the eastern USA (with a temporal correlation coefficient of ∼0.8-0.9) and in Japan (with a temporal correlation coefficient between ∼0.6 and 0.8), while a somewhat lower temporal correlation is calculated for some locations in Europe and West USA. The calculated mean is ∼60 % higher than observed (see Table 3 and Fig. 8 ) for all networks. Additionally, the RMS is higher than the standard deviation of the observations, implying an incorrect representation by the model of this aerosol constituent. This difference between model and observations is possibly due to measurement biases in the networks. As mentioned in Sect. 2.2, the nitrate concentrations measured with teflon filters can be low biased, especially in warm and dry conditions, as nitrate evaporates from the filters (Ames and Malm, 2001) . As shown by Schaap (2003) , Schaap et al. (2004) and De Meij et al. (2006) , NH with EANET the spatial correlation for the summer months is outside the visible diagram, indicating a strong overestimation of the model spatial variability with respect to the observations. For the colder winter period (with lower evaporation of nitrate from the filters), the model results agree much better with the observations. In the case of CAST-NET observations the spatial correlation coefficient is higher than 0.7 for December-March. Similarly, the model reproduces the EANET observations' spatial distribution during November and December with a spatial correlation higher than 0.5, while the spatial correlation coefficients obtained for spring and the other winter months are between 0.2 and 0.4, but with a good normalised standard deviation (∼0.5, ∼0.8, ∼0.9 and ∼0.9 for January-April, respectively). This suggests that during winter time the amplitude of the spatial distribution is similar between model and observations though the patterns are not fully similar. Although the spatial correlation and variability agreement/disagreement cannot confirm the evaporation from the filter, it indicates that this process may play an important role. Furthermore, as mentioned in Sect. 3.2.1, particular attention has to be paid when drawing strong conclusions from a comparison with the EANET network. Nevertheless the results here obtained suggest that the spatial distribution (regardless of the bias) agrees better during winter than during summer. In addition, there is a large scatter between EANET observations and simulation results (confirmed by low time correlations in many location, see Fig. 7 ), caused by an overestimation of nitrate concentrations at marine sites. In contrast to the EANET observations, the model results agree well with the observed nitrate from the EMEP network, with a spatial correlation of ∼0.5-0.6 and a normalised standard deviation between 0.5 and 1.5. 
NO
NH + 4
As shown in Fig. 9 , high NH + 4 concentrations are predominantly found over continental regions, especially India, China and Central Europe, which agrees with the findings of Clarisse et al. (2009) . The spatial distribution of NH + 4 agrees reasonably well with the observation for all three observational networks. Excellent agreement is achieved between the model and observations of the CASTNET network, with spatial correlation coefficients higher than ∼ 0.8 (see Fig. 10 ) and with 87 % of the modelled values within a factor of two of the observations (see Table 3 ), while some discrepancies in the spatial distribution are found over Europe and East Asia. Additionally RMS values are very close to the standard deviations of the observations, which implies a deviation of the model results from the observed concentrations of NH than the possible filter evaporation. In fact, although the spatial distribution is well reproduced, some discrepancies are found for the temporal variation of NH + 4 (see Fig. 9 , lower panel). The model results and the observations correlate reasonably well over Europe and East Asia (with temporal correlations generally above 0.7 and 0.5, respectively), but the model does not achieve temporal correlations with observations over the East USA. For these locations, the model calculates a double peak in the NH + 4 concentration during spring (March) and autumn (September). For example, for the station Edgar Evins (Tennesee, USA, 36 • N-86 • W, see Fig. 4 ) a small peak during September ∼1.7 µg m −3 and a large peak of ∼2.5 µg m −3 during March (monthly average) is modelled. This biannual maximum is a direct result of the seasonal cycle of the NH 3 emissions in the region, which have a clear maximum in March and a secondary peak in September. This seasonality is not seen in the observations, which show a single yearly maximum for this location around September of ∼2.4 µg m −3 (monthly average). The difference for the summer months is even higher if evaporation from the filter of NH + 4 is considered, exacerbating the difference between model results and observations. The emission database seems to reproduce the fertilizer applications (Goebes et al., 2003) over the USA, while the importance of livestock appears to be strongly underestimated. Emissions from livestock cause a yearly maximum at the end of summer and they should account for ∼80 % of the NH 3 emissions in the region (Battye et al., 2003) . The EDGAR-CIRCE emission dataset groups both emissions sources as "agricultural" (see Doering et al., 2009a , and references therein), making it impossible to test this hypothesis and to establish the real reason of the incorrect seasonality in the emissions. A revision of the emissions for this region is recommended.
Sea spray and sodium
Sea spray aerosol (SS) consists mainly of chloride and sodium (Millero, 2003) , which may both be used as proxies for seasalt aerosol. However, chloride can react with acidic gases like nitric acid, causing chloride loss to the gas phase (in the form of HCl) (McInnes et al., 1994) . On the other hand, sodium does not evaporate and has only minor nonmarine sources (White, 2008) , and can be used to estimate the total SS concentration. Following the studies of Manders et al. (2010) and Millero (2003) , it is estimated that around one third of sea salt mass is sodium. In this work SS has been speciated in three different components: as bulk species (14 %), as chloride (51.6 %) and as sodium (33.7 %) (see Sect. 2.1 and Pringle et al., 2010a) . Hence sodium can be directly compared with observations, and the result reflects also the SS distributions.
As shown in Figs. 11 and 12, sodium is overestimated at almost all stations in the CASTNET, EMEP and EANET networks. The overestimation is more pronounced over Europe than over the USA and East Asia. The RMS values in Table 3 are consistently higher (a factor of two) than the standard deviation of the observations, indicating that the model does not correctly reproduce the observed concentrations (see also Fig. 4) . Figure 12 shows that Na + is overestimated especially with respect to the EMEP and EANET network, while a partial (low) agreement is present with respect to the CAST-NET network. On the other hand, the seasonality of the SS aerosol concentration (see Fig. 11 , lower panel) is correctly reproduced over eastern USA, norther Europe and at some locations over Japan, while a low temporal correlation coefficient (below 0.4) is calculated for other stations (especially inland). Over water the total column of SS is correctly reproduced, as indicated by the accurate calculation of the AOD over oceanic areas (see Sect. 3.1). It must be mentioned that in this study, the hydrophilic coarse mode is assumed to have a geometric standard deviation (σ ) of 2.2, leading to a relative high dry deposition rate and sedimentation over land. This increase in the hydrophilic coarse mode geometric standard deviation was suggested by a previous horizontally coarser numerical experiment with a similar set up of the EMAC model (Pringle et al., 2010a) , which showed an overestimation of a factor of two compared to observations, analogously to that obtained by Stier et al. (2005) . This overestimation is not only still present in this study, but it even increased, with a general overestimation of a factor of ∼3 (see Table 3 ). Hence, this study indicates that the SS overestimation is not caused by a coarse horizontal resolution (as speculated by Pringle et al., 2010a; Stier et al., 2005) . However, the coarse vertical resolution might be the cause of the SS overestimation over land, as the model may be unable to capture the correct deposition and sedimentation at the lowest level. As shown by Maring et al. (2003) , SS is distributed vertically following a logarithmic profile, which is very difficult to reproduce with a coarse vertical resolution, as used in EMAC (the first level is centered at ∼30 m and has a vertical extent of ∼60 m). An improved deposition function is needed in future simulations to describe the sea spray distribution more accurately.
Global and regional budgets
Because of the relatively high spatial and temporal resolution of the simulation performed in this study, global and local budgets for aerosol compounds (and precursors) can be estimated. The different contributions of the aerosol sink processes are estimated within each region (i.e. wet and dry deposition and sedimentation). The emissions are also calculated for the bulk species (DU, SS, BC and POM), while for the non bulk species, the gas phase precursors emissions have been included. Finally, for the regional budgets, the transport in (out) to (from) the region is also calculated both for the aerosols and their precursors (for non bulk species), to achieve the budget closure. In Table 4 the global budget for some species is presented. For the bulk species we obtain similar results compared to previous works. The ratio of wet deposition to total deposition (24, 30, 79 and 80 % for dust, sea salt, BC and POM, respectively) is in good agreement with the estimates of Textor et al. (2006) . Furthermore, the ratio of wet to dry deposition for BC is lower than, but similar to, Jacobson (2010), i.e. 92 %. Although the burdens of dust and sea salt are about half of that reported by Textor et al. (2006) , the values are well within the standard deviation estimated from the multimodel ensemble in the same work.
Emissions of SO x , NH 3 and NO y (108.1 Tg S yr −1 , 41.0 and 40.0 Tg N yr −1 ) are similar to reported values in the literature (e.g. Pye et al., 2009; Bauer et al., 2007; Feng and Penner, 2007; Rodriguez and Dabdub, 2004) . Wet deposition of SO 2− 4 is similar to that obtained by Rodriguez and Dabdub (2004) and Pringle et al. (2010a) , though it is around a factor of two larger than the estimation of Pye et al. (2009) . The wet deposition of ammonium (21.0 Tg N yr −1 ) is in agreement with the results of Pye et al. (2009) and Feng and Penner (2007) . Finally, wet deposition of nitrate (18.9 Tg N yr −1 ) is similar to that obtained by Rodriguez and Dabdub (2004) , but around 25 % lower than that obtained by Pringle et al. Regional budgets were also calculated for five specific continents (see Fig. 13 ): Europe (EU), North America (NA), South America (SA), Central Africa (CA) and East Asia (EA). The budgets for the different regions are presented in Table 5 and graphically in Figs. 14 and 15.
As expected the largest dust burdens are present over Europe, Central Africa and East Asia. Over Europe and Central Africa the dust is imported from the surrounding regions (∼34 Tg yr −1 each), while in East Asia dust is locally emitted (∼46 Tg yr −1 ). Note that dust is deposited differently in the regions: while for Europe and Central Africa wet deposition is the main sink (∼30 and ∼24 Tg yr −1 , respectively) compared to sedimentation (∼11 and ∼9 Tg yr −1 , respectively), for East Asia sedimentation is the most dominant removal mechanism, being a factor of two higher than wet deposition (∼38 and ∼17 Tg yr −1 , respectively). The reason for this is that near the source, the particles are removed more efficiently by sedimentation due to their large size.
For sea salt the budgets are more equivalent than for dust. In all regions sedimentation plays a major role as a sink of sea salt (see Fig. 14) . The ratio of sedimentation to wet deposition ranges from ∼1.5 (in East Asia) to ∼1.9 (in North America and South America), which is in line with the ratio for the entire globe (∼1.7). The only exception is Central Africa, where sedimentation contributes only ∼0.85 to the wet deposition. This is due to the fact that almost no local emissions are present and the sea salt is entirely transported into the region. In conclusions, local emissions and sedimentation are the most important process in the sea salt budget over the open ocean and coastal areas, while, over land, Table 5 . The colour code denotes the process, while the positive (negative) value is associated with a source (sink) of the component. Under the abscissa the regions are listed: North America (NA), Europe (EU), East Asia (EA), Central Africa (CA) and South America (SA). For non bulk species the gas-phase and aerosol contribution to the budget are also shown with dashed and solid colour bars, respectively. For the non bulk aerosol species the emissions were removed for clarity. Table 5 . Regional aerosol budgets. All units in Gg(species) yr −1 , except nitrogen and sulfur compounds (expressed as Gg N yr −1 and Gg S yr −1 , respectively) and the species are as in Table 4 . The transport is positive (negative) associated with a net import (export) to (from) the region. The yearly standard deviation is listed in parenthesis. wet deposition is a more effective sink than the sedimentation. Sea salt is similar to dust in that near the source regions coarse mode particles are the biggest contributors to the total sea salt mass. These particles are removed efficiently by sedimentation, while far from the local sources small particles, which are more efficiently removed by wet deposition, are the main contributor to the burden. Black carbon, in contrast to sea salt and dust, shows interesting differences between the different regions. In general wet deposition is the main removal process for this compound, being an order of magnitude more important than sedimentation and dry deposition. In some regions transport of BC is also essential as removal term: e.g. in North America, Europe and South America the removal by transport is of a similar magnitude to the sink from wet deposition. For East Asia and Central Africa transport plays only a minor role, comparable to dry deposition and sedimentation. For East Asia, the small contribution of transport is due to the relatively stagnant dynamical conditions, especially outside the monsoon season . Hence, for black carbon the importance of the atmosphere dynamics should be underlined, as well as the importance of the selected region boundaries. Furthermore, for East Asia, the strongly polluted conditions allow a very effective conversion from hydrophobic to hydrophilic particles within the region (Ma et al., 2010) .
For POM we see that Central Africa and South America are strong exporters (∼1.1 and 2.4 Tg (POM) yr −1 , respectively), due to the vegetation emissions and strong biomass burning events in these regions (see Fig. 15 ). As for BC, wet deposition is the main sink term for all regions, while sedimentation plays a much smaller role, due to the small size of POM on emission (Aitken mode). The ratio of sedimentation to wet deposition is similar in all regions, ranging from ∼0.06 (in North America and South America) to ∼0.16 (in Europe), and it is similar to the global value of ∼0.12.
In general, the ammonia emissions are very large over industrialised/agricultural regions and the ammonium aerosol distribution closely reflects the emissions (see Sect. 3.2.3) . Dry deposition of NH 3 and wet deposition of NH + 4 are of the same magnitude in North America (∼0.9 and ∼1.2 Tg N yr −1 , respectively), Europe (∼2.1 and ∼2.0 Tg N yr −1 , respectively) and South America (∼1.1 and ∼1.2 Tg N yr −1 , respectively). In contrast, wet deposition of NH + 4 is a factor of two higher than wet deposition of NH + 4 in East Asia (∼1.8 and ∼3.5 Tg N yr −1 , respectively) and Central Africa (∼0.2 and ∼0.6 Tg N yr −1 , respectively). The East Asia region covers a large portion of ocean area, where dry deposition of NH 3 is less important when compared to land areas. This leads to a large burden of NH 3 and NH + 4 , which is finally removed via wet deposition. In fact, while Europe and East Asia have similar emissions, the Asian burden of NH 3 is almost a factor of two higher (∼8 and ∼13 Tg N for Europe and East Asia, respectively), with even larger differences in the NH + 4 burden (∼9 and ∼21 Tg N for Europe and East Asia, respectively). In contrast to East Asia, Central Africa is characterized by a relatively strong contribution from wet deposition due to the stronger transport contribution for NH 3 and NH + 4 (∼20 % of the emissions). The vertical profiles of NH 3 indicate that ∼75 % of the tracer burden occurs above the surface layer, while for the other regions this is ∼60 %.
Sulfate aerosol has the largest burden over industrialised regions (Europe, North America and East Asia), and it is at least a factor of 2 lower over Central Africa and South America. East Asia is clearly a strong exporter of sulfate, with around ∼34 % of the global anthropogenic SO 2 emissions (and ∼25 % of the total SO x emission) being concentrated in the region. Although the SO x emissions (∼24 Tg S yr −1 ) are more than twice the emissions in Europe (∼11 Tg S yr −1 ), most of the sulfur is converted to sulfate and washed out within the region. This leads to an export of ∼2.2 Tg S yr −1 Fig. 15 . Budget of different aerosol (and precursors) species as in Table 5 , displayed by regions. The colour code denotes the process while the positive (negative) value is associated with a source (sink) of the component. Under the abscissa the components are listed: dust (DU), sea salt (SS), black carbon (BC) and particulate organic matter (POM). The units are all in Tg yr −1 (TOP) and in Gg N yr −1 and Gg S yr −1 (BOTTOM). DU and SS are reduced by a factor of 10 for clarity. For the non bulk aerosol species the emissions were removed for clarity. Please note the different vertical axis in each diagram.
which is comparable to that from Europe (∼1.9 Tg S yr −1 ). This indicates again that transport in (out) from the selected region for East Asia is not as effective as in the other regions considered. South America (mainly the Amazon basin) is a largely pristine region with highly localised industrial activities. The sulfate aerosol burden is much lower compared to industrialised regions, though it is around a factor of 5 higher than for Central Africa. . In contrast, the East Asian outflow of NO y + HNO 3 (∼0.9 Tg N yr −1 , i.e. 12 % of the total removal) is small, and nitrogen compounds can be converted within the region, leading to higher NO − 3 wet deposition (∼3 Tg N yr −1 , or 45 % of the total removal). Finally, the case of Central Africa is quite interesting and unique. This relatively clean and pristine region is a net importer of most of the compounds considered here, with the exception of NO y , which is emitted from biogenic sources and by biomass burning (∼0.5 and 1.2 Tg N yr −1 , respectively). Similarly to Central Africa, the South American continent also exports nitrogen compounds (∼0.8 Tg N yr −1 ), due to biogenic and biomass burning emissions.
Effect of monthly distribution of anthropogenic emissions
As mentioned in Sect. 2.1.1, the EDGAR-CIRCE inventory accounts for emissions on a relatively high spatial resolution with monthly temporal variation. To evaluate the impact of the temporal distribution on the calculated aerosol concentrations, an additional model simulation (named NS, No Seasonality) was performed and the results were compared with the calculated concentrations of the standard simulation described in this work (here named ST, STandard case). Due to the large computational requirement for these simulations, simulation NS covers only the year 2005. This year is expected to be represented by the model with the highest consistency, mainly because the chosen emissions of primarily emitted species was compiled for this year. 2005 is also meteorologically representative, without major annular mode such as the ElÑino Southern Oscillation and the North Atlantic Oscillation. The model set-up of simulation NS is the same as simulation ST (described in Sect. 2.1), but without the monthly distribution of the anthropogenic components, i.e. neglecting the seasonal cycle present in the EDGAR-CIRCE database. Hence, the annual total emissions are the same. Because no coupling between the radiation and the atmospheric composition was active in the simulations, the nudging forces the model with the same intensity both in ST and the NT simulations. More specifically the dynamics (and the transport) in both simulations are binary identical. Hence, the differences in the aerosols (and precursors) concentrations (mixing ratios) between simulation ST and NS calculated by the model are entirely due to the different emissions and not to different meteorology.
In Table 6 the results of NS and ST are compared with observations for different aerosol species for the year 2005. For SO 2− 4 the calculated yearly averages by NS indicates a low bias relative to the observations compared to ST, while for all other species ST represents the yearly average better.
In general the RMS is very similar in both simulations, with the only substantial difference being for NO − 3 , where simulation ST performs better than NS, as indicated by the comparison to EMEP and CASTNET observations. Nevertheless, the RMS is in these cases is higher than the standard deviation of the observations, implying that the model still deviates from the observed values.
The comparison of SO 2− 4 , NO − 3 , and Na + with the EANET network does not show significant differences between the two simulations. This is due to the small seasonal cycle present in the EDGAR-CIRCE data for East Asia (see also Fig. 4 ). For example, SO 2 emissions in China do not have a strong seasonal cycle (Zhang et al., 2009 ), because of the continual energy production for industry and domestic usage. Therefore, neglecting the seasonal cycle hardly affects the calculated concentrations in this region. The comparison of model results from simulations NS and ST with CASTNET observations suggests larger differences, especially for SO 2− 4 . The bias and the RMS is smaller for NS than ST when compared to the observations. This is caused by the strong monthly variability in the SO 2 emissions over the USA. The SO 2 emissions show a difference of a factor of 2 between winter and summer emissions (being lower in summer). Photochemical oxidation is a very important source of aerosol formation which contributes more than 50 % to the SO 2− 4 , and this is larger in summer than winter. In NS, the SO 2 emissions are higher in the summer than in ST, which leads to higher SO concentrations, because of the reduced photochemical oxidation. This can be seen in Fig. 16 (left) where the summer concentrations for SO 2− 4 are higher than during winter. Analogously, this effect is also observed for NO − 3 concentrations and the related NO x emissions (although less strongly); also in this case, the yearly average is somewhat higher in simulation NS than in ST, especially when compared to CAST-NET. The temporal correlation of NS with the observations is somewhat lower than for ST, with a decrease of ∼10 % for SO 2− 4 and 5% for NO livestock and fertiliser usage, which are higher during the spring/summer months because of the intense agricultural activities. Ignoring the temporal distribution of NH 3 emissions in NS shows a strong impact on the calculated NH + 4 concentrations and confirms the findings by De Meij et al. (2006) and Schaap et al. (2004) . Calculated NH + 4 concentrations by ST show a smaller bias than NS (see Table 6 ) and the model percentages of agreement within a factor of two to the observations, are higher for ST than NS with 3.6, 4.3 and 0.9 % increase when compared to CASTNET, EMEP and EANET, respectively. The improved agreement between observations and model results of simulation ST with respect to simulation NS is mostly noticeable when comparing model results with measurements from the EMEP network. In this case the model average from simulation ST (1.3 µg m −3 ) is closer to the observed (0.9 µg m −3 ) than the model average from simulation NS (1.4 µg m −3 ), but also the RMS is lower for simulation ST than for simulation NS (0.8 and 0.9 µg m −3 , respectively). Further, as shown in Fig. 17 , the temporal correlation between model results and EMEP and EANET observations generally decreases (∼10 %) when the temporal distribution of the NH 3 emissions is ignored. It is interesting to see that NS correlates better with CASTNET than ST (see also Fig. 16 ). As mentioned earlier, this may be related to the dual peak in the seasonal cycle of the NH 3 emissions not present in the observations (see Sect. 3.2.3). The lack of seasonality in NS improves the temporal correlation for many stations especially in the eastern part of the USA, although it remains rather low for many stations.
The spatial correlation coefficients between model results and observations show only small differences (between the ST and NS simulations) for all aerosol species included in this study. The reason is that the overall spatial distribution of the emissions does not change between the two simulations; it shows the same patterns over the year. Finally, the impact of changing the monthly distribution on Na + concentrations is negligible. The reason for this is that the main emission source of Na + is mostly natural (i.e. sea spray) and therefore calculated concentrations do not change between the two simulations.
Conclusions
The newly developed global anthropogenic emission inventory (EDGAR-CIRCE) of pollutant gas and aerosol emissions has been incorporated in to the chemistry general circulation model EMAC (ECHAM5/MESSy Atmospheric Chemistry). Model results covering the years 2005-2008 were compared with observations from satellites and regional networks to evaluate the results. The calculated AODs agree well with the satellite observations (level 3 products) over most of the globe, with negative biases in equatorial areas and in the dust outflow regions (i.e. Central Atlantic and Northern Indian Ocean). This is due to an underestimation of biomass burning and aeolian dust emissions. The AOD over industrialised regions is well reproduced although with some overestimation over East Asia and an underestimation near the west coast of the USA. Because the level 3 products do not include information about the sampling time, a more detailed study of the AOD produced by the model would be helpful, especially in comparison with level 2 products (i.e. with higher spatial and temporal resolution) to estimate the correct timing of pollution episodes and to quantify in more detail the simulation quality over industrialised regions.
Compared to regional network observations of aerosols, the model reproduces the main spatial and temporal atmospheric distribution of the sulfate, ammonium and nitrate aerosols. More specifically, good agreement is found for the simulated spatial distribution of sulfate and ammonium, while nitrate shows some differences when compared to observations. The temporal development of these aerosol species are in line with measurements, with the exception of ammonium aerosol, which shows some deviations from observations over the USA, mainly due to incorrect emissions of ammonia from livestock in the inventory. Finally, sodium, used as a proxy for the sea spray aerosol, shows an overestimation, previously seen with similar models, which may be related to a lack of detail in the representation of gradients in coastal regions, requiring improved emission and deposition parametrizations.
Aerosol and precursors budgets (i.e. emissions and sink terms) for five different regions (North America, Europe, East Asia, Central Africa and South America) were estimated based on the model results. The different meteorological regimes of the regions are central in explaining the different relative contribution of the sink terms to the budget. It is found that over East Asia nitrate and sulfate aerosol precursors are largely converted and transferred into the aerosol phase and efficiently removed via wet deposition. This effect is reduced in North America and Europe, where transport of precursors out of the region is an important contribution to the removal processes. For the bulk species it is found that sedimentation plays an important role for dust and sea salt if the regions encompass sources of such aerosols, since the mass of the emissions is dominated by the coarse mode. In contrast, for black carbon and particulate organic matter wet deposition plays a major role in the budget, as the these aerosols are mostly emitted in the Aitken mode.
The use of monthly varying anthropogenic emissions improves the model ability to reproduce the observations compared to annual mean emissions, with an improved temporal correlation of 5 to 10 %, depending on the aerosol type and the location. The only exception appears for NH + 4 , for which neglecting the seasonal cycle improved the simulation results over the USA, partially correcting the incorrect seasonal distribution of the emissions. This improvement is, however, limited to the USA; in the other regions a degradation of the model results compared to the observations is obtained.
In conclusion, the emission database EDGAR-CIRCE is found to be a valuable inventory for tropospheric chemistry and aerosol studies, with only a minor issue in the emission of ammonia in the Eastern USA, and its use can be encouraged to the atmospheric chemistry community.
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